Arelated enzyme expression, and tissue damage in sheep that had been subjected to heat stress. At the transcriptome level, our results showed significant increases in m 6 A on RNA and increased mRNA levels of HSPs (HSP70, HSP90, and HSP110) and m 6 A-related enzymes [METTL3 (methyltransferase-like 3), METTL14 (methyltransferase-like 14), WTAP (wilms tumor 1-associated protein), FTO (fat mass and obesity-associated protein), ALKBH5 (alkB homologue 5), YTHDF1-3 (YTH domain family proteins), and YTHDC1-2 (YTH domain-containing proteins)] following heat stress. At the protein level, the expression of METTL3, YTHDF1-2, and YTHDC2 showed no significant differences following heat stress. However, in contrast to its mRNA level after heat stress, the protein expression of YTHDF3 was reduced, while the expression of HSPs (HSP70, HSP90, and HSP110), METTL14, WTAP, FTO, ALKBH5, YTHDF3, and YTHDC1 increased in line with their measured mRNA levels. Histological experiments revealed that heat stress caused varying degrees of damage to sheep liver tissue. Moreover, immunohistochemical staining indicated that the m 6 A-related enzymes were expressed in sheep hepatocytes, and differences in expression patterns were observed between the control and heat stress groups. In summary, differences in the level of m A is involved in the regulation of heat stress in sheep. Our findings provide a new avenue for studying the responses to heat stress in sheep.
Introduction
The heat stress response describes the physiological responses that occur when a cell or organism is exposed to a hightemperature and high-humidity environment. Under these conditions, the ambient temperature is higher than the organism's surface temperature. Animals absorb heat from the environment via conduction and radiation and dissipate heat through breathing and sweating (Banerjee et al. 2014b) . Recent large-scale intensive development of the sheep industry and widespread increases in atmospheric temperatures meant that heat stress is an increasing problem for animals. Heat stress has both direct and indirect impacts on the physiological functions, productivity, and health of animals (Pantoja et al. 2017; Vilas Boas Ribeiro et al. 2018; Cui et al. 2016) .
Growing evidence indicates that DNA methylation plays a key role in the regulation of heat stress Vinoth et al. 2018; Zhu et al. 2017) . Epigenetic modifications have effects not only at the genomic level but also at the level of the transcriptome. It is necessary for mRNA levels to change rapidly to adapt to environmental changes. Research has shown that m 6 A on mRNA changes in response to stress, connecting external stress to a complex network of transcriptional, post-transcriptional, and translational processes. In mouse embryonic fibroblasts, certain adenosines within the 5′ untranslated region (5′ UTR) of newly transcribed mRNAs are preferentially methylated in response to heat stress . The 5′ UTR methylation pattern of stress-induced transcripts of nuclear YTH domain family protein 2 (YTHDF2) remains unchanged after heat stress through limitation of the activity of fat mass and obesity-associated protein (FTO) . In addition, the expression levels of heat stress proteins (HSPs) are regulated by m 6 A on RNA . Moreover, the translation of heat stress-induced HSP70 is mediated by 5′ UTR m 6 A at a single site, which increases following heat stress (Meyer et al. 2015; Dominissini et al. 2012) . Many studies have focused on combinations of hypoxia stress and m 6 A modification, and m 6 A methylase ALKBH5 (alkB homologue 5) is a direct target of hypoxia-inducible factor 1α (Fry et al. 2017; Thalhammer et al. 2011) . A hypoxic environment increases ALKBH5 expression so as to promote m 6 A demethylation. RNA m 6 A methylation can regulate the ultraviolet-induced DNA damage response. UV-induced DNA damage causes an increase of m 6 A level, through which METTL3 (methyltransferase-like 3) and METTL14 become localized in the regions suffering DNA damage (Xiang et al. 2017 ). Therefore, m 6 A-related enzymes should play important roles in the RNA methylation process. Methyltransferases identified to data include METTL3, METTL14, WTAP (wilms tumor 1-associated protein), KIAA1429, RBM15 (RNA-binding motif protein 15), RBM15B, METTL16, and Zc3h13 (zinc finger CCCH domain-containing protein 13); the main demethylases are FTO and ALKBH5; while the main m 6 A-binding proteins are YTHDF1-3, YTHDC1-2 (YTH domain-containing proteins), elF3 (eukaryotic initiation factor 3), HNRNPA2B1 (heterogeneous nuclear ribonucleoprotein A1B1), HNRNPC, and IGF2BP (insulin-like growth factor-2 mRNA-biding proteins). These m 6 A-related enzymes participate in a series of metabolic processes of mRNA stabilization, splicing, transportation, and translation, among others, and can exert important effects on RNA fate (Supplementary Table S1 ). Therefore, studying the expression of these m 6 A-related enzymes in response to stress is one of the focuses of in-depth studies of m 6 A functions. As one of the major animal species in farms and pastoral areas, sheep are particularly important for the incomes of farmers and herdsmen. Although significant development of the sheep industry has been achieved in recent years, numerous problems have also emerged. For example, global temperature increases have resulted in sheep being increasingly exposed to severe heat stress. The modification of RNA methylation patterns, including m 6 A, is key to regulating the heat stress reactions of organisms and cells, although the mechanism of action is poorly understood. This study sought to investigate the effects of heat stress in sheep and the importance of m 6 A in response to such stress. This was achieved through histological studies, analysis of m 6 A, and measurement of mRNA and protein expression levels of m 6 A-related enzymes.
Materials and methods

Animal and sample collection
All of the experimental procedures mentioned in the present study were approved by the Science Research Department (in charge of animal welfare issues) of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (IAS-CAAS) (Beijing, China). Ethical approval on animal survival was granted by the animal ethics committee of IAS-CAAS (No. IAS-CAAS-AE-03, 12 December 2016). In August 2017 (heat stress group) and in January 2018 (control group), 36 Hu sheep of similar weight and health (5 months old) were selected from Jiangsu Qianbao Sheep Industry Co. Ltd. (Yancheng, China, N33°28′ 37.72″, E120°16′ 29.65″, subtropical climate) to be raised in the same sheep house, with free access to the same feed and water. Five temperature and humidity meters were hung around the sheep house and in its middle, at a height of 1.5 m above the ground. The temperature (T) and relative humidity (RH) were recorded every 2 h from 08:00 to 20:00 every day. According to Marai et al., the temperature-humidity index (THI) can be used to assess the degree of heat stress in sheep, and is calculated as follows: THI = T -[(0.31-0.31RH) (T -14.4)] (Marai et al. 2007) . A THI value of < 22.2 was considered to represent no heat stress, 22.2 ≤ THI < 23.3 was considered moderate heat stress, 23.3 ≤ THI < 25.6 was considered severe heat stress and THI ≥ 25.6 was considered extreme severe heat stress. When THI was found to be consistently greater than 23.3 or less than 22.2 for 1 week for the August 2017 or January 2018 group, respectively, four sheep were randomly selected for slaughter. Samples of liver tissue were dissected and cleaned with physiological saline solution. The tissues were then either stored in liquid nitrogen to be used for RNA and protein extraction, or stored in 4% paraformaldehyde (Solarbio, Beijing, China) for sectioning.
RNA extraction and quantitative real-time PCR
TRlzol Reagent (Invitrogen, MA, USA) was used for the extraction of RNA, in accordance with the manufacturer's instructions. Subsequently, a cDNA Synthesis Kit (Takara, Dalian, China) was used for RNA reverse transcription (oligo dT Primer was used in cDNA synthesis). TransStart Green qPCR SuperMix (TransGen Biotech, Beijing, China) and LightCycler 480IIapparatus (Roche, Basel, Switzerland) were used for qRT-PCR. cDNA samples in a series of twofold dilutions were prepared (1, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, and 1/128). The eight cDNA samples were taken as a template, qRT-PCR was carried out for the target genes and reference genes, and then, a standard curve was drawn to evaluate the primer amplification efficiency. Each sample was measured in triplicate to ensure the accuracy of the quantification, and amplification curves and melting curves were observed after the reaction ended. The 2 −ΔΔCt method was used to calculate the relative changes in gene expression, using ACTB (Betaactin) as an internal reference gene. Details of the primers used are presented in Table S2 .
Detection of m 6
A patterns in total RNA
The extracted RNA was prepared in accordance with the qRT-PCR protocol. The m 6 A RNA Methylation Quantification Kit (Epigentek, NY, USA) was then used to assess m 6 A on RNA. Briefly, 200 ng RNA samples were placed into the wells of a 96-well plate, and capture and detection antibody solutions were added in accordance with the manufacturer's instructions. The absorbance at 450 nm was measured and a standard curve was used to quantify m 6 A.
Index-based determination of sheep liver function
Blood was collected from the jugular vein on an empty stomach on the day of slaughtering the sheep. Five sheep were selected for this at random in heat stress and control groups, for which non-anticoagulant vacutainer tubes were used to collect 5 ml blood. Serum was then separated from it by centrifugation for 15 min at 3000 r/min. A full automated biochemical analyzer (TOSHIBA Accute 40, Tokyo, Japan) was used to determine the levels of total bilirubin (T-BIL), direct bilirubin (D-BIL), total protein (TP), albumin (ALB), globulin (GLB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and glutamyl transpeptidase (GGT).
Histology
Liver tissue samples preserved in 4% paraformaldehyde were dehydrated and then embedded in paraffin and sectioned (5 μm in thickness, at least three sections per sample). These sections were stained with hematoxylin-eosin, and then observed and photographed with a bright-field microscope (Olympus Dp71, Tokyo, Japan).
Protein extraction and western blot analysis
RIPA protein lysis buffer (Beyotime Biotechnology, Shanghai China) was used to extract protein as per the manufacturer's instructions, and the BCA (Solarbio, Beijing, China) method was used to determine the total protein content in the liver samples. Following extraction, 25-μg protein samples were separated using electrophoresis on 12% sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, MA, USA). The PVDF membranes were blocked using 5% skimmed milk powder solution (Millipore, MA, USA) at room temperature for 2 h. The membranes were then incubated with the primary antibody overnight at 4°C. Membranes subsequently were washed four times for 8 min each time in Tris-buffered saline with 0.5% Tween-20 (TBST, Solarbio, Beijing, China). The membranes were incubated with a secondary antibody (goat anti-rabbit/mouse IgG-HRP, 1:8000, Bioss, Beijing, China) at room temperature for 1.5 h. Finally, the membranes were washed four times for 8 min each time with TBST. SuperSignal™ West Pico Chemiluminescent Substrate Kit (Thermo, MA, USA) and Tanon 2500 gel imaging system (Tanon, Shanghai, China) were used to obtain images. Negative control samples were processed in an identical manner, but PBS was used instead of a primary antibody. The integral optical densities of the bands were calculated using Image-Pro Plus software (Media Cybernetics, MD, USA). The level of ACTB protein was used as an internal reference to calculate the relative expression of each protein.
Information on the antibodies used in this study is listed in Table S3 .
Immunohistochemical staining
The paraffin sections were dewaxed and hydrated, and then boiled in the antigen repair solution (0.01 mol/L sodium citrate buffer, pH 6.0, Solarbio, Beijing, China) for 10 min. After allowing them to cool to room temperature, samples were washed with phosphate-buffered solution (PBS) three times for 5 min each time. Sections were permeated for 10 min in 3% H 2 O 2 (Bioss, Beijing, China) to quench endogenous peroxidase activity, after which they were blocked with 3% bovine serum albumin (Bioss, Beijing, China) at room temperature for 30 min. The blocking solution on the sections was removed gently. After adding the appropriate amount of primary antibody (Table S3) , sections were placed in a wet box and incubated at 4°C overnight. After incubation, the sections were washed three times in PBS for 5 min each time, and then incubated with HRP-conjugated anti-rabbit/mouse IgG secondary antibodies (Bioss, Beijing, China) for 30 min at 37°C, followed by 3,3′-diaminobenzidine (Bioss, Beijing, China) coloration. Negative control samples were processed in an identical manner, but PBS was used instead of a primary
The role of N antibody. A microscope (Olympus Dp71, Tokyo, Japan) and CaseViewer software (3DHISTECH, Budapest, Hungary) were used to scan and analyze the images of the sections. All analyses were performed in triplicate.
Statistical analysis
All data reported are expressed as mean ± SD. Student's t test was carried out using SPSS software (IBM, NY, USA) for statistical analysis of the data. A p value of < 0.05 was considered to be statistically significant.
Results
Determination of m 6
A in sheep liver samples
We calculated THI values according to the temperature and relative humidity of the sheep house 1 week before slaughter (Fig. 1a) . During the control group period, THI was calculated to be ≤ 11.82 at each time point, with an average of 9.01, indicating that the sheep were not under heat stress. During the heat stress period, THI was ≥ 26.18 at each time point, with an average of 30.44, a level at which the sheep would have been under extremely severe heat stress. The level of m 6 A on total RNA was also found to be significantly higher in the heat stress group than in the control group (Fig. 1b) . These results strongly implicate m 6 A in the heat stress response of sheep.
Influence of heat stress on HSP expression
We determined the influence of heat stress on HSP60, HSP70, HSP90, and HSP110 expressions in sheep. At the transcriptional level, the mRNA expression of HSP70, HSP90, and HSP110 in heat-stressed sheep was significantly higher than that in the control group, while no significant difference was identified for HSP60 between the two groups (Fig. 2a) . The same results were obtained in the analyses at the protein level (Fig. 2b, c) .
Influence of heat stress on sheep liver function indexes and organization structure Table 1 shows the influence of heat stress on sheep liver function indexes, with ALT, ALP, and GGT being significantly higher than those in the control group; other indexes show no significant difference between the two groups. In addition, heat stress caused varying degrees of damage to sheep liver tissues (Fig. 3) . The control group showed a clear cell structure and transparent endochylema. Heat stress disrupted the cell structure, resulting in an increased amount of cell debris being observed. Some nuclei exhibited migration after heat stress, showing displacement within the cell and a concentrated nucleoplasm. In addition, cell vacuoles and hydropic degeneration were observed after heat stress.
Influence of heat stress on m 6
A methyltransferase expression
The m 6 A on RNA is mediated by a methyltransferase complex. The study of this complex is crucial for advancing research on m 6 A. To this end, we analyzed the mRNA levels and protein expression of METTL3, METTL14, and WTAP in sheep in response to heat stress. Compared with those in the control group, the mRNA levels of METTL3, METTL14, and WTAP of the heat stress group increased significantly (Fig. 4a) . There was no significant difference in the protein expression of METTL3 between the control and heat stress groups, while METTL14 and WTAP protein expression levels increased significantly following heat stress (Fig. 4b, c) . Immunohistochemistry revealed that METTL3 and A level in sheep liver. Data are presented as the mean ± SD of three independent experiments for each sample. *p < 0.05, **p < 0.01, NS: no significant difference METTL14 were present in the hepatocytes of both control and heat stress groups. However, the staining of METTL3 was stronger in the heat stress group, whereas the staining of METTL14 was stronger in the control group (Fig. 4d) . In addition, in the cytoplasm of hepatocytes from the heat stress group, METTL14 was seen to be distributed in discrete clusters, whereas the control group showed a more uniform distribution (Fig. 4d) . Almost no expression of WTAP was observed in the hepatocytes of either group (Fig. 4d) .
Influence of heat stress on m 6
A demethylase expression
The discovery of m 6 A demethylases promoted research into RNA methylation and made it possible for m 6 A to be investigated during the dynamic regulation of cells. The mRNA levels of the m6A demethylases FTO and ALKBH5 were significantly higher in the heat stress group than in the control group (Fig. 5a ). Western blot analysis revealed that the expression levels of FTO and ALKBH5 were both significantly increased in the heat stress group (Fig. 5b, c) . Immunohistochemical analysis indicated that FTO and ALKBH5 were expressed in the hepatocytes (Fig. 5d) , with increased staining seen in the cytoplasm compared with that in the nucleus. A-binding proteins in the liver tissues of the control and heat stress groups. The mRNA levels of YTHDC1 and YTHDC2 were significantly higher in the heat stress group, while the mRNA levels of YTHF1-3 were not significantly different between the two groups (Fig. 6a ). Significant differences were seen between the groups in the protein expression levels of YTHDF3 and YTHDC1, which showed decreased and increased expression respectively (Fig. 6b, c) . Immunohistochemistry revealed that the five m 6 A-binding proteins were expressed in the hepatocytes. They were found to be strongly expressed in the cytoplasm, but minimally expressed in the nucleus (Fig. 6d) . The distribution of YTHDC1 within the cytoplasm appeared to be punctate (Fig. 6d) .
Discussion
Sheep are homeothermic animals, meaning that their body temperature must remain within a narrow physiological range to maintain homeostasis. The regulation of heat stress in sheep is controlled by the hypothalamus, which induces endocrine and behavioral responses to such stress via various neural pathways (Keim et al. 2002) . A heat stress response occurs when the ambient temperature is higher than the optimum physiological range, and the thermoregulatory system is activated to dissipate excessive heat. If the excessive heat energy cannot be dissipated, the animal's internal temperature rises, resulting in decreases in feed intake, rumination, and reproductive capacity, and potentially the loss of the sheep production chain, with serious implications for the industry (Das et al. 2016; De et al. 2017; Narayan et al. 2018) . Study of the molecular mechanisms of the sheep heat stress response is therefore critical to production performance.
In response to heat stress, certain adenosine residues within the 5′ UTR are preferentially methylated. Furthermore, UVinduced DNA damage promotes m 6 A methylation (Zhou et al. A methyltransferase. Data are presented as the mean ± SD of three independent experiments for each sample. *p < 0.05, **p < 0.01, NS: no significant difference. HC: hepatocyte, CV: central vein, scale bar = 100 μm A levels, which contradicts other studies (Zhang et al. 2016) . Although these studies confirm that m 6 A is involved in various stress responses, they highlight the possibility that its physiological roles may vary, and the specific mechanisms are yet to be determined. This further emphasizes the importance of m 6 A in regulating the heat stress response of sheep and the need to study the mechanisms involved.
The HSPs are highly conservative proteins that protect organs such as the liver, heart, and kidney from injuries caused by stress Sun et al. 2018; Wang et al. 2018) . Under stress conditions, the expression of HSPs increases, which prevents the accumulation of intracellular denatured proteins and facilitates their repair, thus increasing the resistance of cells. We found in our research that the expression of all of HSP70, HSP90, and HSP110 in heat-stressed sheep was significantly higher than that in the control group, whereas HSP60 showed no significant difference between the two groups. Research has shown that HPS60 expression in goat presented a trend of first increasing and then decreasing during heat stress, which is related to the negative feedback regulation mechanism of the HSPs (Dangi et al. 2014; Dangi et al. 2015) . To resist stress, cells need to use a large amount of HSP60, which results in its consumption. When a certain amount of HSP60 has been used up, its expression increases via a negative feedback regulatory mechanism. In this research, the heat-stressed sheep were in a state of extremely severe heat stress, so large amounts of HSP60 had already been consumed by cells, causing less change in its expression. Among all of the HSPs, HSP70 is the most sensitive to temperature and is regarded as an important marker gene (Bhargav et al. 2008; Yang et al. 2007; Zhong et al. 2012) . In our study, we found that the expression of HSP70 in heatstressed sheep was almost three times that in the control group; its sharp increase in expression is thus a reflection of heat stress. Similarly, HSP70 expression has also been found to increase in species such as goats, pigs, and chickens after heat stress (Archana et al. 2018; Pearce et al. 2014; Roushdy et al. 2018 ). In the case of HSP90, the protective mechanisms conferred by it are currently unclear. A study showed that goat HSP90 expression is higher in summer than in winter, the same as our result (Dangi et al. 2012) . HSP110 is an important branch of HSP70 and regulates the partner system, so that there is a necessary connection between HSP110 expression change with HSP70.
The liver is one of the most metabolically active organs, so the liver function index is useful to reflect the level of damage to liver cells and metabolism, excretion, and immune function, among others. Compared with that in the control group, the The role of N serum TP in heat-stressed sheep exhibited a decreasing trend, which may have been caused by the reduction of food intake by the sheep during the heat stress period (Indu et al. 2015) . ALT and AST are indexes reflecting liver parenchymal damage (Banerjee et al. 2014a) . When liver cells are damaged, the ALT level in serum rises one time, and a continuous rise of AST can occur, which indicates the aggravation of damage. In our study, we found that the ALT level in heat-stressed sheep showed an increasing trend. The significant increase of AST level showed that heat stress caused liver damage; this was confirmed by the results of HE staining of sheep liver, which revealed nuclear migration, chromatin condensation, and cell vacuole and hydropic degeneration. These results basically match those from research on rats (Zhang et al. 2003) .
It had already been indicated that m A function before and after stress. Therefore, we analyzed the impact of heat stress on the expression of these enzymes in sheep through qRT-PCR and western blotting. At the transcriptome level, mRNA levels of YTHDF1-3 were slightly higher in the heat-stressed group than in the control group, whereas mRNA levels of all other enzymes studied increased significantly. However, there were no significant differences in the expression levels of METTL3, YTHDF1-2, and YTHDC2 between the two groups. In contrast to the mRNA levels, the protein expression of YTHDF3 was reduced in the heat stress group, but the expression levels of the other proteins correlated with their mRNA levels. Methyltransferases and demethylases play opposite roles in the regulation of m 6 A. However, both the methyltransferase and demethylase enzymes that were analyzed in this study were found to be upregulated during heat stress. It is well known that m 6 A is a key factor in the post-transcriptional regulation of genes as it regulates RNA splicing, stability, decay, and translation (Fu et al. 2014; Yang et al. 2018) . The enzymes in this study may have roles in post-transcriptional regulation, and their increased expression potentially indicates that an m 6 A-mediated stress response has been initiated. Studies on human HepG2 cells have reported that METTL3, METTL14, and FTO were downregulated 6 h after heat stress, METTL3 and FTO were downregulated and METTL14 was upregulated 12 h later, and all proteins were upregulated 24 h later . These findings suggest that the m 6 A heat stress response varies over time, but further research is needed to reveal the fundamental mechanisms behind these changes. METTL3, METTL14, WTAP, FTO, ALKBH5, and YTHDC1 are generally expressed in the nucleus, while YTHDF1-3 and YTHDC2 are expressed in the cytoplasm (Batista 2017) . However, immunohistochemistry carried out in this study revealed that these enzymes were expressed in both the nucleus and the cytoplasm of sheep hepatocytes. Differences in the expression levels between the control and heat stress groups implicated m 6 A in regulating the heat stress response of sheep. Moreover, studies using mouse embryonic fibroblasts and human HepG2 cells have reported that YTHDF2 relocates from the cytoplasm to the nucleus in response to heat stress Yu et al. 2018 ). This phenomenon was not observed in the present study, although the expression of YTHDF2 was significantly increased following heat stress. Tissues are much more complex than cells in terms of structure and are therefore affected by more factors that could explain the discrepancies.
In conclusion, our results indicate that m 6 A on RNA plays a key role in regulating the heat stress response of sheep. This finding provides important information for managing this important issue and opens a new avenue into studying the heat stress response in sheep.
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